Automated storage and retrieval systems (AS/RSs) are a combination of equipment and control systems which handle, store and retrieve materials with great speed and accuracy, under a defined degree of automation. AS/RSs are warehousing systems that are widely used in distribution and production environments to manage products with cost-effective utilization of time, space and equipment. This paper presents an open-rack structure with unidirectional-upward mobile loads within the rack, for miniload AS/RS. Bead-Sort Algorithm and a cellular automaton (CA) are used for defining and simulating of load shuffling in this AS/RS, respectively. Heuristic models are developed for load shuffling and travel time of the storage platform. A cellular automaton is a suitable choice for simulating natural physical systems because it is massively parallel, self-organizing and is driven by a set of simple, local rules. The Travel time and performance of proposed AS/RS are analyzed using Monte Carlo simulation and are compared with a conventional one. The results show that the open-rack AS/RS represents a higher performance and the proposed models are reliable for the design and analysis of this kind of AS/RS.
INTRODUCTION
Automated storage and retrieval systems (AS/RSs) are major material-handling systems, which are widely used in automated productions, distribution centers and can play an essential role in integrated manufacturing and distribution systems. Some advantages of AS/RSs over traditional warehousing systems are high space utilization, reduced labor costs and improved inventory control [1] . In conventional AS/RSs, stacker cranes are used to store and retrieve loads into or from the storage cells. The stacker cranes can travel simultaneously in the vertical and horizontal directions and perform a sequence of storage and retrieval operations [2] .
The Performance of a conventional AS/RS can be enhanced when the ratios of storage and retrieval operations are approximately equally distributed, and in this case, a single-shuttle stacker crane can operate up to dual command cycle (i.e., one storage operation and one retrieval operation are performed in a cycle) [3] . In other words, the possibility of performing dual command cycles depends on the availability of storage and retrieval requests. If both types of requests are available, dual command cycles provide advantages with respect to travel times [4] . Groover [5] distinguished six types of AS/RS; unit load AS/RS, deep-lane AS/RS, miniload AS/RS, man-on-board AS/RS, automated item retrieval system and vertical lift 978-1-4244-4136-5/09/$25.00 ©2009 IEEE storage modules (VLSM). Miniload AS/RS is used to handle small loads (individual parts or supplies) that are contained in small containers, bins or drawers in the storage system. There has been extensive research in the area of development of expected travel time (i.e., average travel time) models for AS/RSs. A comparative study based on expected travel-time of stacker crane for randomized and dedicated storage policies has been presented by Hausman et al. [6] . An extension of [6] has been proposed by Graves et al. [7] . They present analytical/empirical results for various combinations of alternative storage assignment rules and scheduling policies. Based on a continuous rack approximation approach, Bozer and White [8] presented expressions for the expected cycle times of an AS/RS performing single and dual command cycles. Foley and Frazelle [9] derived the distribution of the dual command cycle time for a square-in-time rack under randomized storage, and used it to determine the throughput of a miniload AS/RS. Sari et al. [10] developed closed-form travel-time expressions for flow-rack AS/RSs based on a continuous approach. Potrc et al. [11] presented heuristic travel-time models for AS/RS with cells of equal heights and randomized storage under single and multi-shuttle systems. Hu et al. [2] presented a split-platform AS/RS (SP-AS/RS) to handle extra heavy loads such as sea container cargo, and a reliable continuous travel-time model for this 4 . Carts Storage platform system was presented under the stay dwell point policy. Vasili et al. [12] developed two reliable travel-time models for the SP-AS/RS under return to middle and return to start, dwell point policies. As an extension of [12] , Vasili et al. [13] presented a new configuration for the I/O station in the SP-AS/RS and also developed a continuous travel time model for this new configuration.
OPEN-RACK SYSTEM FOR MINILOAD AS/RS
In many real applications of miniload AS/RSs (such as automated libraries), the ratios of storage and retrieval operations are not distributed equally over several periods of a working day. For instance, all the operations at the end of a working period in a library are storage operations, and the stacker crane is faced to perform an enormous sequence of storage operations one by one. Similarly, during the working period in the library, the retrieval operations tend to outnumber the storage operations. The purpose of this study is to investigate an AS/RS that can handle many loads at the same time.
In this paper, the AS/RS has an open-rack structure with unidirectional-upward mobile loads within the rack, in which the stacker crane is only used for the retrieval operations and the storage operations are carried out by separate devices, namely storage platforms (SPs). The proposed AS/RS has one SP for each rack to store several loads at the same time ( Figure I ). Handover stations are located at the lowest levels of the racks, and the dwell point positions of the SPs are at the lowest point of the handover stations. An asynchronous loop conveyor and a system of entrance gates (integrated with sensors) is used to transfer the storage items from the input station and unload them inside the handover stations , on the SPs. The loads remain on the loop conveyor until they are charged to the handover station. The conveyor is a cart-on-track asynchronous conveyor with a stop-and-go motion in which the carts move the loads between the stations and then stop at the handover station until the carts release the loads on the SP. The system allows for the independent operation of each cart (e.g., depending on the existence of at least one empty cell in each bay, the corresponding cart either releases the load or keeps it for the next cycle). A general description of an asynchronous conveyor and its operation can be found in [5] . The loaded SPs move upward through the handover stations and unload the items into the rack open bays.
Open-rack structure
The open-rack structure to be modeled in this paper is depicted in Figures I and 2 , and is defined as follows. The rack can handle the loads that are contained in small standard containers. The rack consists of open bays (i.e., the top and bottom of the cells are not closed from bottom to top of the rack), allowing the loads to have unidirectional-upward movement within the bays in the rack. The upward motion is provided by the SP using a hydraulic system. The storage locations (cells) are distinguished by four load-arms (brackets) as the seat of containers. The hinge joint load-arms, with a 90°r ange of rotation and a simple gravity mechanism, help to stabilize the movement and stoppage of containers. The levels (i.e., tiers) are numbered by integers from 0 onwards ; the bays (i.e., columns) are numbered from 0 onwards, all according to their distances from the output station. There is no storage cell in level 0 (handover station) because it is used by the SP.
Load shuffling in open-rack
An example of loads shuffling (load sorting or rearranging) in the open-rack structure is illustrated in Figure 3 . Consider three sequential storage operations. In the first step ( Figure 3a ) because there are empty storage locations in all four bays, the SP beneath the bays is loaded with four containers. In the next step, the SP unloads the containers into the bays in the rack ( Figure. 3b ). In the third step because there are no more empty locations in the bays 1 and 4, the SP is only loaded for bays 2 and 3 ( Figure 3c ) and finally, the platform unloads these containers into bays 2 and 3 in the rack. It is clear that for the next storage operation, the SP can be loaded just for bays 2. For retrieval operations, the stacker crane can be run after stoppage ofSP in its dwell point position. In this paper, the following notations are used:
Bead-Sort algorithm
The purpose of referring to the bead-Sort algorithm is to better figure out the load shuffling in the open-rack AS/RS. The bead sort is a natural sorting algorithm, which was presented by Arulanandham et al. [14] . The bead sort operation can be compared to the manner in which beads slide on parallel poles, such as on an abacus. However, each pole may have a distinct number of beads. Initially, it may be helpful to imagine the beads suspended on vertical poles. Consider a set A of n positive integers to be sorted and assume the biggest number in A is m. Then, the frame should have at least m rods and n levels. The Bead-Sort algorithm is the following [14] : 
In
Step I ( Figure 4 .a), such an arrangement is displayed using n=5 rows of beads on m=4 vertical poles. The numbers to the right of each row indicate the number that the row in question represents; rows 1 and 2 are representing the positive integer 3 (because they each contain three beads) while the top row represents the positive integer 2 (as it only contains two beads). If we then allow the beads to fall (Figure 4.b) , the rows now represent the same integers in sorted order. Row 1 contains the largest number in the set, while row n contains the smallest. If the above-mentioned convention of rows containing a series of beads on poles I..k and leaving poles k+I..m empty has been followed, it will continue to be the case here. The action of allowing the beads to "fall" in our physical example has allowed the larger values from the higher rows to propagate to the lower rows. If the value represented by row a is smaller than the value contained in row a+1, some of the beads from row a+ I will fall into row a; this is certain to happen, as row a does not contain beads in those positions to stop the beads from row a+ I from falling.
The load shuffling in the open-rack AS/RS emulates the bead-Sort algorithm, but with some different characteristics. Unlike the upward movements in the open-rack, for the bead-Sort algorithm it is assumed that the beads react to gravity and fall downward . Clearly, it is not a significant difference that affects the concept of the algorithm, since only the directions of the movements are different. As mentioned before, in the bead-Sort algorithm, for representing value a, it's assumed a beads (one bead per pole) drop along the poles, starting from Ist pole to the ath pole. Therefore the empty locations are in ascending order form right to the left (e.g., the number of empty locations in pole k are less or equal than the number of empty locations in pole k+I) which implies a difference between this Algorithm and the load shuffling in the open-rack AS/RS. Since the randomized storage is used, the empty locations in the open-rack AS/RS will be in random order, and in this case the load shuffling cannot exactly emulate bead-Sort algorithm.
In this section, a cellular automaton (CA) is used for predicting the arrangement status of the loads in the open-rack after performing a storage operation (when new entry loads are inserted in to the rack). A cellular automaton is a discrete model studied in computability theory, mathematics, and so on. It consists of a regular grid of cells, each in one of a finite number of states. The grid can be in any finite number of dimensions. Time is also discrete, and the state of a cell at time t is a function of the states of a finite number of cells (called its neighborhood) at time t -1. Every cell has the same rule for updating, based on the values in this neighborhood. Each time the rules are applied to the whole grid a new generation is created. A cellular automaton (CA) is a suitable choice for simulating natural physical systems because it is massively parallel, self-organizing and is driven by a set of simple, local rules (see, e.g., [15] ). In its simplest form, a CA can be considered a homogeneous array of cells in one, two or more dimensions. Each cell has a finite discrete state. Time is also discrete, and the state of a cell at time t is a function of the states of a finite number of cells (called its neighbor) at time t -1. Cells communicate with a number of local neighbors and update synchronously according to deterministic rules. A cell updates its state depending on its current state and its neighbor states. When the hinge joint load-arms corresponding to the uppermost container are maximally open (e.g., Figure  6c ), then the highest points of load-arms and lower comer of container will be tangent to each other. In order to make the separation between the load-arms and the container, for releasing the load-arms to return, 8 (safety allowance) is used. In the algorithm defined by the authors, the change in level of each load should be only one level and during a storage operation each load should only pass the load-arms of one level completely. Hence, in order to obtain the maximum value of M p , consider that the SP should be stopped before the load in level 0 (handover station) passes the load-arms of level 2. The SP can move through level 0 (H h ) , pass the first load-arms and move through level I (if, + d) and continue to its upward movement as much as it doesn't pass the next load-arms (H; -8). Due to the above with the initial configuration (state). In the worst case, there will not be more than N, sequential updates of CA configuration.
Load shuffling in a bay of open-rack
Consider that there is an empty cell in level i of a bay. Figure 6 illustrates different steps of the load shuffiing in one bay. In the first movement, the SP moves from its dwell point to lift the container in level 0 (handover station) until this container is connected to its upper container in level I; thus the platform movement (M p ) for this step is (H; -if,). In the second movement, the SP continues to push the containers upward until the container in level 1 is connected to its upper container and similarly up to the last container in level i-I. During this movement, all the containers in inferior levels of level if are connected to each other and all the spaces between the containers (Ii) are filled, so the M; of this step is (i-l)d . Note that the SP has been dedicated to all bays in the rack, and the empty locations in different bays are in varying levels. Thus, in order to generalize this, the movement of the platform in this step is set to (N, -l )d , to enable the platform to push the containers into the empty locations in all levels. In the last movement, the SP continues to push the connected containers upward until the load in level i-I is transferred to the empty location in level i. Therefore, the platform movement of this step is (H s+Ha+8). ITlITl o 0 ITl o [I] o [I] When modeling physical systems using cellular automata, space is treated as having finitely many locations per unit of volume. Each location is represented by a cell and a state is associated with each cell. To emulate Bead-Sort, a two dimensional CA is used as shown in Figure 5 (a).
The number of sequential updates of CA configuration necessary for fully filling a particular rack frame would depend on the 'degree of disorder' (entropy) associated . considerations, the minimum and maximum values of M p for each load in a bay to be transferred to its immediate upper neighbor locations are,
MinM p =(H h -Hs)+(N/-l)d+(H s +H a +8),
(1) 
Dimensions of open-rack structure
In order to calculate the backup space (H b ) , the maximum required space should be supposed. The maximum backup space is required at the time that "there is only one empty cell in the last level of a particular bay and the SP moves with the Max M p " . In this case, the height of connected containers from the lowest point of the handover station (K) will reach to:
Upon finishing the storage operation (when the SP has returned to its dwell point), the height of the fully filled bay from the lowest point of the handover station (K ') is:
Now, the backup space can be calculated by subtracting K' from K. Considering Eq. (2):
Therefore, the total height (VL) and length (HL) of the open-rack structure are:
VL=Hh+{N/)Hs+{N/-l)d+H b, and HL=(Nb)L c '
The travel time for the SP is the time for it to moves from its dwell point position, execute the storage operation and returns to its dwell point position. The objective is to shuffle (rearrange) the loads and at the same time minimize the response time of the storage operation. Therefore, the minimum value of M p is used to obtain the total travel time of the SP for performing the storage operation. Hence, 2 
T p =-[(H h -Hs)+(N/-I)d+(H s « H; +8)],
-. Using the approach explained earlier, the calculations of storage platform movements (M p ) for different rack dimensions are summarized in Table 2 . 
where, 1<; p <; «; (4) In order to obtain the travel time for the SIR mechanism, the simulation uses a randomized number generator for x and y to choose a new destination for each new operation. Then using Tchebychev travel time (i.e., the travel time of the stacker crane is the maximum of the isolated horizontal and vertical travel times) the retrieval operation time 
Performance analysis
In this section, the performance of the open-rack and the conventional AS/RSs (in terms of throughput) are compared under various rack configurations. Here, throughput is defined as the reciprocal of the average travel time for the SIR mechanism to handle a job [2] . A sequence of 100 000 jobs (which is considerably large compared with the number of cells in an AS/RS rack) with equal numbers of storages and retrievals operations is used in the experiments. The specifications of the open-rack AS/RS which were used in previous sections will also use for our analysis in this section. The travel time shown in Table 5 is the average cycle time for these two mechanisms to finish one job. From table 5, it can be observed that the performance of the AS/RS is substantially improved by using the openrack structure and the improvement increases with the length of rack. The main reason is that the total number of cells within a rack is constant in the experiments, so the number of bays in creases with the decrease of the number of tiers. Given this, the SP can handle more loads during each storage operation. This performance improvement has been the main motivation for the authors to design this open-rack AS/RS.
CONCLUSION
In this study, an open-rack structure was applied in AS/RS that enables it to handle several loads efficiently at the same time. Using this mechanism, the average handling time for a batch ofjobs can be greatly reduced.
The bead-Sort Algorithm and a cellular automaton (CA) were used for defining and simulating of load shuffling in this AS/RS, respectively. Using a two dimensional CA, the arrangement status of the loads in the open-rack structure after performing a storage operation (when new entry loads are inserted in to the rack), were determined. Then, heuristic algorithms and models were developed for load shuffling and travel time of the storage platform, respectively. The Travel time and the Performance of proposed AS/RS were analyzed using Monte Carlo simulation and are compared with a conventional one. Results show that the open-rack AS/RS represents a higher performance and the proposed models are reliable for the design and analysis of this kind ofAS/RS.
